To obtain an estimate for the concentration of free functional RNA polymerase in the bacterial cytoplasm, the content of RNA polymerase ␤ and ␤ subunits in DNA-free minicells from the minicell-producing Escherichia coli strain 925 was determined. In bacteria grown in Luria-Bertani medium at 2.5 doublings/h, 1.0% of the total protein was RNA polymerase. The concentration of cytoplasmic RNA polymerase ␤ and ␤ subunits in minicells produced by this strain corresponded to about 17% (or 2.5 M) of the value found in whole cells. Literature data suggest that a similar portion of cytoplasmic RNA polymerase subunits is in RNA polymerase assembly intermediates and imply that free functional RNA polymerase can form a small percentage of the total functional enzyme in the cell. On infection with bacteriophage T7, 20% of the minicells produced progeny phage, whereas infection in 80% of the cells was abortive. RNA polymerase subunits in lysozyme-freeze-thaw lysates of minicells were associated with minicell envelopes and were without detectable activity in an in vitro transcription assay. Together, these results suggest that most functional RNA polymerase is associated with the DNA and that little if any segregates into DNA-free minicells.
The steady-state activity of a given promoter is completely determined by the two promoter-specific Michaelis-Menten parameters, V max and K m , and the free RNA polymerase concentration, [ . Moreover, with excess polymerase, [R f ] would be a significant fraction of the total RNA polymerase, whereas with excess DNA, most polymerase would be associated with DNA and [R f ] would be a only small fraction of the total polymerase. As a result, qualitative information about free RNA polymerase may be obtained by observing the changes in the rate of transcription after changes are made in the DNA concentration. In a replication mutant with reduced DNA concentration (8) or in plasmid-containing minicells undergoing DNA replication (12) , the rate of transcription was found to be independent of the DNA concentration; this has led to the suggestion that transcription in vivo is limited by the concentration of free RNA polymerase. However, these observations do not provide a quantitative estimate for [R f ].
It is not immediately obvious how free RNA polymerase can be quantitated experimentally. In previous studies, the distribution of RNA polymerase between the bacterial cytoplasm and nucleoids (36, 41) or between the cytoplasm of DNA-free minicells and DNA-containing large cells of a minicell-producing strain has been determined (38, 40) . However, the results of those experiments are somewhat contradictory or ambiguous. For example, using the nucleoid method to determine the concentration of cytoplasmic RNA polymerase, it is difficult to rule out the possibility that a substantial fraction of the RNA polymerase dissociates from the DNA during the high-salt treatment required for isolation of nucleoids; this leads to an overestimate of the amount of RNA polymerase in the cytoplasm. A less error-prone approach is provided by measurement of the RNA polymerase subunit content in DNA-free minicells, which are small portions of cytoplasm partitioned off from the larger DNA-containing cell body in certain mutant bacterial strains. Such measurements are also ambiguous because they measure subunit content and not active RNA polymerase. In addition, some RNA polymerase may be in the form of nonspecifically DNA-bound holoenzyme, which would rapidly equilibrate with free holoenzyme, but it would be associated with the nucleoid and not the minicell cytoplasm.
In the present study we have again used minicell strains of Escherichia coli to readdress the question of free RNA polymerase. Although we cannot provide a final answer on this question, our results, in connection with other published observations, suggest that both free and nonspecifically bound holoenzyme represents only a small percentage of the total polymerase in the cell. This implies that the free RNA polymerase concentration is an important determinant of bacterial gene activities.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The minicell-producing strain used was the E. coli K-12 derivative 925, with the genotype thr ara leu lacY minA minB gal thi sup malA xyl mtl rpsL azi tonA (1, 16) . A derivative of this strain, containing the R6K plasmid Amp ϩ Str ϩ Tra ϩ (26) , was obtained by transformation (9) . As plating bacteria for experiments with T7 bacteriophage, the non-minicell-producing parent strain 975 (1) was used, although 925 and R6K-carrying 925 are equally T7 sensitive.
Cultures were grown at 37°C in Luria-Bertani (LB) medium (33) supplemented with 0.1% glucose and 100 g of streptomycin per ml or in medium C (19) supplemented with 0.2% glucose, 320 g of DL-threonine per ml, 270 g of L-leucine per ml, 20 g of thiamine per ml, and 100 g of streptomycin per ml. Growth was monitored as the increase in the concentration of cell mass (optical density at 460 nm [OD 460 ]). For growth of 925 cells containing the R6K plasmid, 250 g of ampicillin per ml was added to the medium.
Isolation of minicells. All steps except for culture growth were performed at room temperature. 925 and 925-plus-R6K cultures were grown to an OD 460 of 1.4 to 2.2 and then centrifuged in a Sorvall SS34 rotor at 2,500 rpm for 5 min to pellet most of the large cells. The supernatant was centrifuged at 10,000 rpm for 25 min to pellet minicells. A portion of the large-cell pellet from the first centrifugation and the entire minicell pellet were each resuspended in a small volume of buffer (medium C minus supplements), layered onto 5 to 30% sucrose gradients (same buffer) with a 2-ml 60% sucrose cushion, and centrifuged in an SW25.1 rotor (4,000 rpm for 8 min). The gradients usually showed three bands (see Fig. 1) ; however, for gradients containing 925 cells plus the R6K plasmid, the middle, small-cell peak was often missing (see Fig. 2b ), possibly due to cell aggregation caused by sex pili (27, 28) . Minicells and small cells were classified as in Fig. la , while large cells were taken as the pellet from the sucrose gradient containing the resuspended pellet from the first centrifugation. The gradients were entirely collected and fractionated from the top, or the top portion of the minicell band was removed with a handheld syringe. Minicells, small cells, and large cells were slowly diluted with buffer (medium C minus supplements) to at least twice the original volume. The cells were then concentrated by centrifugation (15,000 rpm for 30 min), resuspended in the same buffer or lysis buffer to the concentrations indicated for individual experiments, and either used immediately or stored at Ϫ70°C before lysis. The purified minicell preparations were always assayed for contaminating colony-forming cells by plating. Less than 0.5% of the OD 460 of the minicell preparation was due to large cells (the fraction would be even smaller if the contamination was with small rather than large cells). Approximately 0.5% of the OD 460 units from the initial culture was recovered as purified minicells after one sucrose gradient centrifugation.
Lysis procedure. Minicells, small cells, and large cells of 925 prepared from 3 liters of culture were suspended in lysis buffer (10% sucrose, 0.01 M Tris [pH 8], 0.005 M EDTA, 0.05 M NaCl) to an OD 460 of approximately 40 and stored at Ϫ70°C. After several days, the cells (and a blank sample containing only lysis buffer) were thawed and kept on ice for 30 min, and then NaCl (0.2 M) and, lysozyme (0.4 mg/ml) were added. After 1 h on ice, the samples were subjected to five freeze-thaw cycles in an ethanol-dry-ice bath, and after the addition of MgCl 2 to a final concentration of 0.03 M, they were treated with DNase (0.4 g/ml) at room temperature for 1 h. DNase treatment was unnecessary for minicells without plasmid DNA; however, all the samples were treated alike.
The extent of lysis was estimated by diluting 20 l of cell lysate into 3.98 ml of 0.025 M sodium phosphate buffer (pH 7.2) centrifuging at 15,000 rpm for 20 min, and determining the absorbance at 260 nm (A 260 ) of the supernatant as a measure of the amount of solubilized material (A 260 mostly from ribosomes). Another 20 l of the lysate or blank was heated (2 min at 100°C) with an equal volume of 10% sodium dodecyl sulfate (SDS). After the addition of 3.96 ml of water, the A 260 was measured. The difference of A 260 of SDS-lysate minus A 260 of the SDS-blank sample is a measure of the total amount of UV-absorbing material in the minicell sample. Dividing the A 260 of the supernatant after centrifugation by the total A 260 determined from boiling the sample in SDS gives the percent lysis. In this manner, 80 to 100% lysis was found for small and large cells and 60 to 70% lysis was found for minicells. However, in a minicell lysate centrifuged for 20 min at 15,000 rpm, more than 90% of the RNA polymerase ␤ and ␤Ј subunits were in the pellet, whereas in a lysate from large cells centrifuged under the same conditions, only 10 to 20% of the polymerase subunits was in the pellet, corresponding to the fraction of unlysed cells. Other large polypeptides were similarly missing in the supernatant of minicell lysates but present in the pellet, indicating that many large proteins, including RNA polymerase, were incompletely liberated from presumably ruptured minicells.
Measurement of the amount of RNA polymerase ␤ and ␤ subunits in minicells, small cells, and large cells. Minicell-, small-cell-, and large-cell lysates, prepared as described above from a 3-liter LB culture, were adjusted to approximately 4 mg of protein/ml (determined by the Lowry assay [30] ), diluted with an equal volume of SDS sample solution (50 mM Tris-HCl [pH 6.8], 1% SDS, 1% ␤-mercaptoethanol, 10% glycerol, 0.2% bromophenol blue), heated for 2 min in boiling water, and stored at Ϫ70°C. For electrophoresis, the SDS-treated lysates were thawed and 150 l was loaded per sample well onto an SDS-5 to 6.75% polyacrylamide (27 cm-length) slab gel. The slab gel was subjected to electrophoresis, fixed, stained with Coomassie brilliant blue R-250, and destained as described previously (42) . At very low and very high protein concentrations in a particular band of the gel, the band intensity observed in a scan of a lane in the stained gel (see Fig. 3 ) leads to an underestimate of the amount of protein in the band because of loss of stain during destaining or stain saturation, respectively (42) . For this reason, the sample from large cells was coelectrophoresed in various dilutions. In addition, various known concentrations of bovine serum albumin (BSA) were electrophoresed for calibration. From a plot of the peak areas against the concentrations of lysate or BSA, respectively, it was possible to make an appropriate correction for the nonlinearity of the stain per microgram of protein for very small peaks, i.e., for the ␤ and ␤Ј peaks from minicells (see Fig. 3 , inset). The percentage of total protein that is RNA polymerase core enzyme was determined by measuring the total protein in the electrophesed lysate, also at different concentrations, using the Lowry assay (30), calibrated with different known concentrations of BSA.
Measurement of in vitro RNA polymerase activity. Purified minicells, small cells, and large cells (from a 3-liter culture) were subjected to freeze-thaw lysis and treated with DNase (see above), and the total protein content was measured by the Lowry assay (30). RNA polymerase activity was measured by adding 2 l of the DNase-treated cell lysate to 55 l of assay mixture (30 g of T5 DNA per ml or 100 g of calf thymus DNA per ml, 0.4 mM each ATP, GTP, and UTP, 1.7 M [
14 C]CTP [49 mCi/mmol], 0.1 M KCl [for assays with calf thymus DNA, the KCl was omitted from the reaction mixture], 15 mM MgCl 2 , 50 mM Tris-HCl [pH 8], 0.1 mM dithiothreitol, 0.5 mg of BSA per ml) and incubating it at 37°C for 5 min. The reaction was stopped by the addition of 2 ml of ice-cold carrier RNA (50 g of yeast RNA per ml in 1 M NaCl) and 0.5 ml of 3 M trichloroacetic acid (TCA). Radioactive RNA was collected on a glass fiber filter (Reeve Angel 934AH), rinsed with 0.05 M TCA, dried, and counted.
To liberate RNA polymerase from endogenous DNA fragments protected from DNase degradation by the polymerase, part of each lysate was treated with 2 M KCl (80 mg of KCl to 0.5 ml of lysate) for 1 h at 37°C (41a). This treatment increases the polymerase activity three-to fourfold and rendered more than 90% of the activity sensitive to rifampin.
RESULTS
RNA polymerase ␤ and ␤ subunits in minicells. Crude preparations of minicells from E. coli strain 925 were obtained after removal of the bulk of the large cells by centrifugation. Zone sedimentation analysis of these preparations showed that they contain three size classes designated minicells, small cells, and large cells (Fig. 1a) . These size classes were isolated and subjected again to zone sedimentation (Fig.  1b) . The minicell preparation was essentially pure (Fig. 1b) and did not contain DNA (Fig. 2a , fractions 1 to 6). Colonyforming cells per concentration of cell mass (OD 460 ) were determined for minicell, small-cell, and large-cell preparations by plating various dilutions. In the minicell preparation, less than 0.5% of the OD 460 was accounted for by colony-forming large or small cells (data not shown) (this value was much less than 0.5% if most colony formers were contaminating small rather than large cells). Small cells are assumed to be the remainders of whole cells that have lost parts of their distal cell bodies in minicell divisions. They had a normal concentration of DNA (DNA/OD 460 , Fig. 2a , fractions 10 to 25).
The purified minicells, small cells, and large cells were lysed with lysozyme and by freeze-thaw cycles and analyzed by SDSelectrophoresis ( Fig. 3 shows a representative example). Minicells and small cells were found to contain approximately 17 and 92%, respectively, of the number of RNA polymerase ␤ and ␤Ј subunits per total protein compared to large cells ( Fig.  3 ; Table 1 ). The peak areas of the ␤ and ␤Ј subunits in the gel scans from minicells were only 11 to 12% in comparison to those in large cells (Fig. 3, inset) ; however, the use of controls with various known concentrations of protein has previously shown that very small peaks in Coomassie blue-stained gels tend to be underestimated (42) ; therefore, the somewhat higher value of 17% in Table 1 was obtained after an appropriate correction (Fig. 3 legend) . Most other polypeptides were present in approximately equal proportions in minicells and large cells. The distribution in Fig. 3 is representative of several repeats of the experiments, with little variation in the relative height of the subunit peaks obtained from minicells. These results suggest that most bacterial RNA polymerase is DNA associated and that only a small fraction (about 17% based on ␤ and ␤Ј subunit composition) is cytoplasmic.
RNA polymerase ␤ and ␤ subunits in plasmid-carrying minicells. The largest, but apparently not all, minicells derived from a minicell strain carrying R6K plasmids contained DNA (presumably plasmid DNA), as seen from the sedimentation profile of a crude preparation of minicells labeled with radioactive thymidine (Fig. 2b) . The amount of RNA polymerase ␤ and ␤Ј subunits per total protein in R6K-carrying minicells was found to be 20 to 22% of the amount in large cells (data not shown, obtained as in Fig. 3 ). This represents a 24% (21/17 ϭ 1.24) increase compared to plasmid-free minicells, corresponding to 4% (21% Ϫ 17%) of the total subunits.
In agreement with previous reports (12, 23, 39) , plasmidcarrying minicells also synthesized measurable amounts of RNA and protein, as demonstrated by incorporation of radioactive uridine and leucine (Fig. 4) . This shows that minicells are capable of macromolecular syntheses if they contain plasmid DNA at the time of their formation. The rate of incorporation of exogenous uridine into plasmid-carrying minicells (Fig. 4d) corresponded to about 0.3% of the rate observed with large cells (Fig. 4c, initial slope) ; however, this value does not reflect the relative rate of transcription in minicells, because the specific radioactivity of UMP incorporated into RNA is diluted by UMP from decaying nonradioactive mRNA. This dilution differs for large cells, which synthesize both mRNA and stable RNA, and for minicells, which synthesize only plasmid mRNA. Even if transcription rates for plasmid-carrying minicells could be determined, such data cannot be interpreted in terms of RNA polymerase concentrations without specific knowledge about the concentrations and kinetic properties of the plasmid promoters. The rates of incorporation into plasmid-free minicells corresponded to less than 0.1% of the rates with whole cells and suggest that the contamination of the minicell preparations with whole cells was below 0.1% in terms of cell mass (below 0.01% in terms of cell numbers).
T7 infection of minicells. It has been reported that only 0.1% of minicells infected with 10 T7 phage per minicell produce progeny (35) ; this is so low that the result might not be significant. With T4 phage-infected minicells, a yield of one T4 phage per infected center has been reported (39), but since no adsorption and growth kinetics were shown, it is not clear to what extent free phage and whole cells might have contributed to the infective centers. Therefore, we decided to investigate this question further. As a control, a culture with normal (large) cells was infected (8 ϫ 10 7 bacteria per ml infected with 1.3 ϫ 10 7 T7 phage per ml, corresponding to a multiplicity of (Fig. 5 , time points at 5 to 8 min). Under these conditions, a burst of 160 phage per infected bacterium was observed 10 to 15 min after infection (Fig. 5 , points after 10 min). Phage adsorption was monitored by measuring infective centers in chloroform-treated samples (Fig. 5) . The plaques on these plates represent both free phage and progeny phage from cells prematurely lysed by chloroform (beginning after 5 min). Over 90% of input phage were adsorbed within 1 to 2 min; the first intracellular progeny phage appeared at about 5 min. The decrease in PFU per milliliter seen in the chloroform-treated samples at approximately 15 min is due to readsorption of liberated progeny phage to bacteria in the adsorption tube. A minicell preparation with the same concentration of cell mass (OD 460 ) as used for large cells, but containing about 10 times more minicells (8 ϫ 10 8 /ml) and 3 ϫ 10 5 contaminating colony-forming small and large cells per ml, was infected similarly with 1.3 ϫ 10 7 PFU of T7 phage/ml (i.e., at a multiplicity of infection of about 0.02). Between 5 and 10 min after the addition of phage, only 2.6 ϫ 10 6 infective centers per ml were detected (Fig. 5 , points between 5 and 12 min), of which about 2 ϫ 10 5 /ml were due to free phage (Fig. 5 , points after 5 min), whereas the remaining 2.4 ϫ 10 6 infective centers/ml must have resulted from infected minicells. Thus, about 20% of the adsorbed input phage was able to reproduce and liberate progeny phage in minicells, whereas 80% of adsorbed input phage produced abortively infected minicells.
The burst size in the minicell preparation at 12 to 15 min was only two phage per infected center (Fig. 5) . In the minicell preparation used for infection, at most 0.3% of the total cell mass in the minicell preparation was in colony-forming small and large cells (probably less than 0.3% if the preparation was contaminated mostly with small rather than large cells). The fraction of input T7 phage adsorbed to these larger nucleated cells is estimated to be similarly small (at most 0.003 ϫ 1.3 ϫ 10 7 ϭ 3.9 ϫ 10 4 infected nucleated cells per ml). Thus, at most 10% of the total number of contaminating colony-forming cells present (3 ϫ 10 5 /ml) were infected. If these infected nucleated cells produced a normal burst of 160 phage per bacterium (see above), their total yield would be similar to the observed burst at 15 min of infection ( a Minicell, small-cell, and large-cell lysates were prepared as described in Materials and Methods.
b A portion of each lysate was used to determine the protein concentration. c Another portion of each lysate was subjected to SDS-gel electrophoresis (see Materials and Methods) (Fig. 3) , and ␣ p (percentage of total protein that is RNA polymerase protein) was determined.
d Each value is the average (minus blank) of two assays on T5 DNA after KCl treatment (see Materials and Methods for details). The values in parentheses were calculated by setting the large-cell value to 100%.
e The RNA polymerase activity per microgram of total protein is the quotient of the values in the columns indicated by footnotes d and b, divided by 2 (microliters per assay).
f The RNA polymerase activity per microgram of RNA polymerase is the quotient of the values in the columns indicated by footnotes e and c.
in infective centers; maximum expected burst from infected nucleated cells ϭ 3.9 ϫ 10 4 ϫ 160 ϭ 6.2 ϫ 10 6 phages/ml). Therefore, the small burst seen in Fig. 5 (points between 10 and 15 min) appears to have resulted from infection of nucleated cells contaminating the minicell preparation.
In the chloroform-treated minicells, no rapid increase in the production of progeny phage is seen (Fig. 5) . This suggests that the infective centers obtained from minicells (2.4 ϫ 10 6 /ml, see above) are the result of late cell lysis that occurred mostly after the 90 min of the experiment in Fig. 5, i. e., during incubation of the plate used to determine infective centers. Apparently infected nucleated small cells were not prematurely lysed by chloroform.
In summary, it appears as if only about 20% of the minicells possessed sufficient RNA polymerase and perhaps other limiting factors to be able to produce enough phage proteins and lysozyme to liberate one or more progeny phage after an unusual long delay. The results shown in Fig. 5 are representative of several independent experiments. The same results were obtained with minicells from plasmid R6K-carrying bacteria, which contain 24% more RNA polymerase subunits than do plasmid-free minicells (see above).
Absence of RNA polymerase activity in minicell lysates. It has been reported that minicell extracts are devoid of RNA polymerase activity (11) . To reinvestigate this question, RNA polymerase activity was assayed in freeze-thaw lysates from lysozyme-treated minicells, small cells, and large cells, using bacteriophage T5 DNA as templates. With lysates from large 14 C]leucine (312 Ci/mol) at time zero and incubated at 37°C with aeration. Samples (0.1 ml) were removed into 1 ml of cold 1 M TCA, heated for 30 s in a boiling-water bath, and cooled to 0°C. Radioactive acid-precipitable material was collected on glass fiber filters and counted. For incorporation of [ 3 H]uridine, a 2.5-ml portion of minicells or large cells was added to 0.5 ml (2.5 Ci) of [5- 3 H]uridine (21 Ci/mmol) at time zero and incubated at 37°C with aeration. Samples (0.5 ml) were added to 2 ml of cold 1 M TCA, and acid-precipitable radioactivity was collected on glass fiber filters and counted. The scales for large cells and minicells differ by 10-fold. The time zero values represent background radioactivity, and the slight increases in radioactivity seen with plasmid-free minicells are presumed to result from contaminating nucleated cells. The labeling plateaus observed with large cells reflect exhaustion of the exogenous precursor from the medium. 7 viable cells/ml), respectively. The minicells (2.7 ml) were incubated for 5 min at 37°C with aeration before the addition at t ϭ 0 of 0.3 ml of T7 phage to a final concentration of 1.3 ϫ10 7 PFU/ml. E, adsorption to minicells. (At the indicated times, 0.1-ml samples were diluted 1:50 into chloroform-saturated supplemented LB medium at 37°C, and the number of free phage in these chloroform tubes was later determined by plating). F, one-step growth curve for minicells, determined by removing 0.1-ml samples from the absorption tube at various times, making appropriate dilutions, and plating. To prevent readsorption of progeny phage, samples were removed from a tube (made at t ϭ 8.5 min) containing a 1:250 dilution of the adsorption mixture. ‚, adsorption kinetics; OE, one-step growth curve with 925 large cells, obtained as with minicells, except for different dilutions.
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CYTOPLASMIC RNA POLYMERASE IN E. COLIand small cells, the activity was 95% dependent on the addition of exogenous DNA and greater than 95% sensitive to rifampin. Large and small cells had an activity of about 5,000 cpm (standard assay) per g of RNA polymerase, whereas RNA polymerase prepared from minicells had no measurable activity (1 cpm over a counting background of 50 cpm) or less than 2.5% of the activity observed with large cells (Table 1 ). The procedure used to lyse minicells liberated 60 to 70% of the total cellular UV-absorbing material (mostly rRNA and tRNA) but only about 10% of the RNA polymerase ␤ and ␤Ј subunits (see Materials and Methods). It is therefore possible that the T5 DNA used as a template for the in vitro transcription assays did not have access to the RNA polymerase in partially disrupted minicells. With about 10% of minicell ␤ and ␤Ј subunits liberated and accessible to DNA (see above), the results suggest that less than 25% of ␤ and ␤Ј subunits in minicells represent functional enzyme.
DISCUSSION
Comparison of the present data with previously reported data. In a previous investigation with minicells from bacteria growing at 1.23 doublings/h, values of 0.086 and 0.61% for the concentrations of cytoplasmic and total RNA polymerase (relative to total protein), respectively, were reported (40) . This corresponds to 14% (0.086/0.61 ϭ 0.14) cytoplasmic RNA polymerase, similar to the value observed here at a growth rate of 2.5 doublings/h (Table 1 ; Fig. 3 ), and suggests that the proportion of total polymerase in the cytoplasm is rather independent of the growth rate. In a contradictory study (38) , 0.5 to 1.5% of total minicell protein was found to be ␤ and ␤Ј RNA polymerase subunits. This aberrantly high value is similar to the proportion of RNA polymerase in total protein that has been found in wild-type strains or in the DNA-containing cells of the mutant minicell-producing strain and suggests either that most RNA polymerase is cytoplasmic and not DNA associated or that the minicell fractionation in that study was inefficient. In that study, no sedimentation patterns for the minicell preparations were shown and no control values were given.
When the distribution of RNA polymerase was previously examined after separation of nucleoids from bacterial extracts, about one-third of the total polymerase was found in the cytoplasm (36, 41) . This high value may be explained by assuming that some polymerase dissociates from the DNA during nucleoid preparation; high salt concentrations are known to reduce the binding of RNA polymerase to DNA.
RNA polymerase assembly intermediates in the bacterial cytoplasm. For a culture of an E. coli K-12 strain growing at 37°C in glucose minimal medium with a 70-min doubling time, it takes 1.5, 5, and 15 min for pulse-labeled ␤Ј, ␤, and ␣ subunits, respectively, to appear in the nucleoid (41) . Since the assembly of RNA polymerase occurs in the order ␣ 2 , ␣ 2 ␤, and ␣ 2 ␤␤Ј (17, 21), Saitoh and Ishihama (41) suggested that the assembly of a complete core enzyme under their conditions takes about 15 min, with the ␤Ј subunit added last. This means that about 1.5 min after the addition of the ␤Ј subunit, the complete core enzyme becomes active in transcription. At their culture-doubling time of 70 min, an RNA polymerase assembly time of 15 min would mean that perhaps up to 16% of the total subunit protein is in assembly intermediates in the cytoplasm (2 15/70 ϭ 1.16, i.e., 16% of ␣ subunits and lesser amounts of ␤ and ␤Ј subunits). However, the long time required to "chase" labeled ␣ subunits from the cytoplasm into the nucleoid fraction probably reflects the excess synthesis of ␣ subunits over the other subunits (18, 22, 23) . Therefore, it is likely that the delay times of 5 and 1.5 min for the appearance of the ␤ and ␤Ј subunits in the nucleoid are more representative of the holoenzyme assembly time.
For bacteria grown in LB medium with a 25-min doubling time, the assembly of ␤ and ␤Ј subunits into active RNA polymerase must be finished in less than 5.6 min to obtain a value of partially assembled subunits that does not exceed the observed (17%) total cytoplasmic ␤ and ␤Ј subunits (2 5.6/25 ϭ 1.17) present in minicells. Therefore, an assembly time between 1.5 and 5 min must mean that a substantial proportion of cytoplasmic ␤ and ␤Ј subunits represents RNA polymerase assembly intermediates. At a growth rate of 2.5 doublings/h, bacteria of the E. coli strain B/rA contain about 11,400 RNA polymerase ␤ and ␤Ј subunit molecules per average cell (42) (data summarized in Table 3 of reference 3). From our minicell segregation measurements, 83% (9,500 molecules) appear to be DNA bound and 17% (1,900 molecules) appear to be free in the cytoplasm. With an average cell volume of approximately 1.25 m 3 (at a growth rate of 2.5 doublings/h in glucose-amino acids medium [8] , 1,900 cytoplasmic RNA polymerase molecules correspond to a concentration of 2.5 M). If most of these 1,900 molecules are in the form of assembly intermediates (see above), the bacterial cytoplasm may contain only few hundred free functional enzyme molecules, i.e., probably in the nanomolar range. With more than 1,000 active mRNA genes (34) , this would be less than one functional free RNA polymerase enzyme per active gene.
Minicells have approximately 1/10 the volume of the large DNA-containing cells, so a single minicell contains about 190 cytoplasmic ␤ and ␤Ј subunits, and only a few of these are functional enzymes. Previously, protein synthesis could not be detected in minicells after introduction of plasmid DNA by conjugation (15) . However, we observed here that 20% of T7 phage-infected minicells produced progeny phage, which requires RNA and protein synthesis.
In vitro inactivity of RNA polymerase in minicell extracts. The activity of RNA polymerase in the lysozyme freeze-thaw lysates of minicells was below the detectable assay minimum (Table 1) . A similar result has been reported previously and cited as evidence for the absence of active RNA polymerase in minicells; no experimental details were given about the assay conditions (J. Hurwitz and M. Gold, unpublished data, cited in references 10 and 38). In our experiments, most (about 90%) of the RNA polymerase subunits were associated with partially ruptured minicells (see Materials and Methods); therefore, the in vitro inactivity might reflect a difficulty in getting the DNA templates to the RNA polymerase. It is unlikely that RNA polymerase was inactivated during the incubation of minicells, because RNA polymerase activity in plasmid-carrying minicells is essentially stable over at least 3 h (12). The probability of minicell formation is proportional to the cell number in a given volume of culture, so that 50% of the minicells were formed during the last generation (i.e., 25 min) before harvesting. It is also unlikely that RNA polymerase was not released from minicells because of its large size (much larger ribosomes were mostly released) or that the enzyme was inactivated during the isolation procedure (the same procedure worked well for large and small cells). Moreover, a lack of subunits was probably not the reason for the inactivity of the RNA polymerase, since core enzyme, although not active on phage DNA, is active on calf thymus DNA (5); minicell extracts had no increased polymerase activity in an assay with calf thymus DNA (data not shown). Finally, a lack of ␣ subunits in minicells is unlikely, since the ␣ 2 intermediates are the first to form during assembly and are presumed to be present in excess in the cytoplasm (22, 23) . Therefore, the inactivity might reflect a technical difficulty in disrupting minicells and recovering active polymerase and/or an absence of functional enzyme, e.g., if the last steps of polymerase core maturation require association with the nucleoid, a possibility considered by Saitoh and Ishihama (41) .
In vivo distribution of RNA polymerase. A possible cellular partitioning for RNA polymerase has previously been suggested as follows (37) (Fig. 5 in reference 32 ): ϳ50% actively transcribing core, ϳ25% specifically bound holoenzyme, ϳ25% nonspecifically bound core and holoenzyme, and Ͻ1% free holoenzyme. According to the above results, about 83% of total RNA polymerase subunits are associated with DNA. Previously, about 30% of the total RNA polymerase was found to be active in RNA chain elongation at any given time (at 2.5 doublings/h [13, 31, 42] ). This means that 64% [(83 Ϫ 30)/83 ϭ 0.64] of the DNA-bound polymerase is inactive.
The effector ppGpp is known to cause transcriptional pausing (see, e.g., reference 25); this may lead to RNA polymerase queuing behind a pausing enzyme, thereby trapping a substantial proportion of the total RNA polymerase (4). In ppGppdeficient bacteria, up to 60% of the RNA polymerase is active in transcription, i.e., twice as much as in ppGpp-proficient strains (20) . Therefore, we suggest that about 30% of the RNA polymerase in ppGpp-proficient strains is temporarily pausing during transcription. The remaining 23% of the DNA-associated polymerase is likely to be mostly holoenzyme specifically bound to mRNA promoters (32) . For example, if the average promoter clearance time equals the average transcription time of a gene, then the fraction of promoter-bound holoenzyme equals the fraction of transcribing enzyme, i.e., 30%. For mRNA promoters, promoter clearance may take several minutes (29) , longer than the actual transcription times (e.g., 30 s for an average mRNA of 1,500 nucleotides).
An upper limit for the amount of promoter-bound RNA polymerase is set by the amount of factor in E. coli, which corresponds to 20 to 30% of the total core enzyme (18, 22, 23) . Saitoh and Ishihama (41) found little subunit present in the nucleoid, but it seems likely that the promoter-bound holoenzyme is preferentially released during the high-salt treatment required for the preparation of nucleoids. A small fraction of the inactive and nonpausing DNA-associated enzyme (included in the 23%) might also be nonspecifically DNA-bound core enzyme, whose dissociation is slow (6) . If about 17% of the RNA polymerase subunits are cytoplasmic, most of them in the form of assembly intermediates (see above), this leaves only a small percentage for the two other forms of RNA polymerase: nonspecifically DNA-bound holoenzyme that dissociates fast and acts as a reservoir for free holoenzyme and free holoenzyme itself. Nonspecifically DNA-bound holoenzyme might slide along the DNA to find a promoter; however, no significant contribution of sliding to the velocity of productive initiation has yet been demonstrated (37) .
Based on these considerations, we propose the following approximate distribution of polymerase in fast-growing (ppGpp-proficient) bacteria: 30% transcribing core, 30% paused and queued core, 23% promoter-bound holoenzyme, 15% cytoplasmic premature core, and 2% nonspecifically DNA-bound and free holoenzyme in rapid equilibration. This distribution implies that free is in excess over free core. Free core is generated during transcript termination at a rate equal to the rate of transcript initiation; with excess free , the released core would be rapidly reconverted to holoenzyme, thereby preventing the nonspecific (tight and nonproductive) binding of free core to DNA. This description of the distribution of cellular RNA polymerase, although still hypothetical, seems more complete than previously suggested distributions.
Implications for the control of gene activities. Taken together, the results reported here indicate that free functional RNA polymerase is a limiting factor for the rate of transcription. This is consistent with reported observations indicating that the rate of transcription in E. coli is independent of the DNA concentration (i) in bacterial strains with lower DNA concentration due to a mutation affecting DNA replication (8) , (ii) in plasmid-carrying minicells whose plasmids continue to replicate (12) , (iii) after a change in the copy number of the particularly active rrn genes as a result of DNA replication during the cell cycle (14) , and (iv) after artificial deletion (11) or addition (2, 24) of rrn genes.
When RNA polymerase is limiting for transcription, it implies that many promoters are not saturated and that changes in the concentration of free RNA polymerase must contribute to the control of gene activities (see above). Such changes in free RNA polymerase concentration are expected to occur both as a result of changes in the concentration or activity of promoters as mentioned above, including repression of mRNA genes in response to nutrients in the growth medium, and as a result of changes in RNA polymerase synthesis during growth at different rates (42) . Because of their apparently higher K m values, rRNA promoters would be more strongly affected by changes in free RNA polymerase than would mRNA promoters, which appear to approach saturation during growth in rich media (29) .
